Cadmium salts were examined for their biological effects on ciliated respiratory epithelium in hamster tracheal explants. Cadmium chloride and cadmium acetate both caused significant decreases in ciliary motion when tested at 100 ,uM and above. Reductions in relative ciliary activity were dose-dependent and were first demonstrable at 8-32 hr. The decreased ciliary motion was accompanied by decreases in two key metabolic compounds (ATP and dehydrogenase) which are normally associated with cell viability. Histopathological examination of cadmium-treated tissues showed an epithelium thinner than normal, with extensive vacuolization and few, if any, intact ciliated cells. The various biological effects exerted by cadmium are presented, along with potential mechanisms of pathogenesis for the observed ciliostasis and cytonecrosis. Decreases in adenosine triphosphate appear to play a critical role in the development of cadmium-related effects on cellular function and metabolism.
Introduction
Cadmium is a toxic heavy metal which humans encounter in air, food, water and soil (1) . Respiratory intake varies and depends primarily on proximity to smelters and factories (2, 3) . Such sources can emit up to 15 ,ug/m3. In addition, cigarette smokers inhale approximately [2] [3] [4] jig/pack (1) . The effects of cadmium on respiratory tissue include pulmonary edema (4), inflammation (5) and cytonecrosis of type I alveolar cells (6) . Levels of lung cell enzymes (e.g., glucose-6-phosphate dehydrogenase) are also increased (4) .
A brief exposure to a cadmium aerosol can depress clearance of subsequently inhaled pathogens, accompanied with an increase in mortality (7) . Since cadmium induces ciliostasis in the trachea (8) , this increased susceptibility to infection could be related to depressed mucociliary clearance. The ciliostatic effect has been studied in detail with tracheal explant techniques. Concentrations of cadmium chloride as low as 1.4 jig/ml caused a *W. Alton Jones Cell Science Center, Lake Placid, New York 12946.
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The current project was designed to examine more closely the in vitro effect of cadmium on the ciliated respiratory epithelium. Emphasis was placed on the correlation of ciliostasis and cytotoxicity, the quantitation of cadmium within target tissue, and the relative effects of cadmium chloride and cadmium acetate.
Methods
Tracheal ring explant cultures were prepared from adult male golden hamsters (Mesocricetus auratus) with the techniques previously described by Gabridge et al. (10, 11) . Basically, the explants consisted of transverse slices of trachea, 1-2 mm thick, the inner surfaces of which were lined with a ciliated epithelium. Cultures were maintained in a thin layer of complete minimal essential medium (MEM; Eagles) with 10% fetal calf serum.
Relative ciliary activity, RCA (10, 12) , was calculated during observation of the ciliary motion with 225 x phase optics on an inverted microscope. RCA is the product of the percent of the surface with an intact epithelium (0-100%), and a subjective estimate of vigor of ciliary motion (0-3 +). Biochemical assays of cell viability were based on dehydrogenase activity (primarily succinate, as determined with a tetrazolium chloride reduction assay) (13) and ATP content (determined photometrically with a luciferin-luciferase enzyme system) (14) . For histopathological examination, tracheal explants were rinsed in phosphate buffered saline (PBS, pH 7.4) and fixed in 4% glutaraldehyde in PBS. Specimens were embedded in plastic, sectioned with a glass knife and stained with hematoxylin and eosin.
Solutions of cadmium chloride and cadmium acetate (Mallinckrodt) were prepared in MEM and were filter sterilized with 0. 22 
Results
Initial studies were conducted in order to determine the effect of cadmium chloride on tracheal explant ciliary motion. The data (Fig. 1) show that cadmium has very definite ciliostatic activity. Doses of 100 to 750 puM caused significant decreases in the percent and relative vigor of the ciliated epithelium, and the effect was dose-dependent (Table 1) .
At 100 pM, ciliary motion was nearly normal for the first 8 66%. The fact that both the visual measure of ciliary motion and the biochemical assessments of cell viability decreased in dosedependent fashions, indicates that cadmium chloride induced both ciliostasis and overt cytotoxicity.
In order to determine whether or not these effects were limited to only the chloride salt of cadmium, cadmium acetate was also evaluated in the tracheal explant system. The results (Table 2) show that the effects of cadmium acetate are similar to those of cadmium chloride. A level of 100 ,uM cadmium acetate caused decreases of 33-43% in ciliary motion and ATP content after 24 hr. The response to 250 ,uM was even more pronounced, and also included both the function and metabolism of ciliated cells.
The damage induced by cadmium salts (i.e., ciliostasis and cytonecrosis) was also apparent in histological sections of treated tissues (Fig. 3) In an attempt to quantitate the amount of cadmium actually present in treated tissues, a neutronactivation technique was used. This method was advantageous, in that it requires small quantities of tissue (< 15 mg) and has high accuracy and sensitivity. Our results (Table 3) indicate that levels in excess of 8,000 ,ug/g were attained in play some degree of cytotoxicity (4) (5) (6) (7) (8) (16) (17) (18) (19) (20) . Lung inflammation and necrosis are typically seen in response to aerosols containing 10 mg/m3, causing a disruption in mucociliary function. This effect has been assessed directly in measurements of ciliary motion (8, 9) and indirectly as increased susceptibility to lung infections (7) . The significance of these doses and their consequences for the respiratory tract can best be appreciated in a graphic representation of reported air levels of Cd and the various biological effects (Fig. 4) . A threshold limit of 200 ,ug/m was set for industrial workers by the American Conference of Governmental and Industrial Hygienists (8) . The values in normal air have been reported from several countries, and range from 0.001 to 3 ,ug/m3. Factory air levels are much higher, however, and range from 5 to 250 ,ug/m3. Levels in this range have been shown to cause ciliostasis, increased infections and inflammation in laboratory animals (5, 7, 8) . Levels above 1000 pRg/m3 can cause edema and lung cell destruction (4, 7) . It is apparent that many workers are being exposed to potentially cytotoxic cadmium levels (15) .
The nature of this cytotoxic response in the ciliated respiratory epithelium was the subject of the current study. We chose to use an in vitvo analysis because of the ability to control dosage levels accurately and to monitor biochemical effects. Others have studied the effects of heavy metals in cell cultures of alveolar macrophages (21) and lung fibroblasts (22) , and in explant cultures of rodent trachea (8, 9) . The latter are an especially appropriate model because the target cells are highly differentiated and are representative of the mucosal surfaces which would be exposed to inhaled cadmium particles. Unfortunately, the data which were available only pertained to ciliary activity, and it could not be ascertained whether the decreased motion was due to ciliostasis and/or to cytotoxicity. The current study examined both effects.
The ciliated tracheal explants which we treated with cadmium chloride and cadmium acetate had significant decreases in ciliary motion, consistent with the observations of AdaHis et al. (8) and Olsen and Jonsen (9) The fact that this decreased metabolic activity was actually a reflection of cell destruction was established with electron microscopy (manuscript in preparation). The mechanism by which these cadmium-related alterations in structure and function occur is not clearly understood. Several related theories have been advanced. Sanders et al. (24) suggested that cadmium may alter cellular permeability after binding to membranes, or may enter the cell and bind to sensitive target sites such as sulfhydryl groups. This latter possibility seems plausible in view of the protective effect found when compound WR2721 was administered to rats before they inhaled cadmium oxide aerosols. WR2721 is a thiophosphate which is rapidly converted intracellularly to a substrate with highly reactive sulfhydryl groups.
On the level of an intact organism, other mechanisms' may be operative. Corradino (25) showed that cadmium did not cause a generalized toxicity, but instead specifically reduced the level of calciumbinding protein. This caused cytotoxic effects related to decreased vitamin D-mediated intestinal calcium adsorption. Other studies (26, 27) have illustrated that cadmium can inhibit zinc-dependent enzymes. This is apparently due to competition between cadmium and zinc at cofactor sites on certain enzymes. However, this phenomenon may be species specific, and of more significance in single cell systems (26) and laboratory animals than in humans (27) .
Adalis et al. (8) have suggested that cadmium may exert its cytopathology through a diminution of usable ATP. ATP is the energy source for ciliary movement. If ATPase is inhibited by a metallic ion such as cadmium, ciliary activity would be adversely affected. This would be reasonable in light of the data of Sugawara (28) and Nechay (29) . Both investigators demonstrated that cadmium levels as low as 10' M significantly inhibited (Na+ + K+) ATPase and (Mge ') and (Mg2 + + Ca2 +) ATPase in animal tissues.
A prolonged lack of available ATP would also decrease cellular protein and nucleic acid synthesis and reduce the efficiency of the ion pumps necessary to maintain normal intracellular osmotic and ionic pressures (14, 30) . Our study supports this hypothesis, since it is possible that the measurable ATP losses which we found were a result of all death and thinning of the epithelium after the inactivation of ATPase. Regardless of the precise mechanism, it is clear that cadmium salts can induce cell necrosis and a loss of function which: (a) provides the rationale for the decreased mucociliary clearance and increased mortality from respiratory infections noted in cadmium-treated animals, and (b) underscores the importance for minimizing human exposures to high environmental and occupational cadmium levels.
